Abstract: This paper proposes a preamble structure for joint estimation of carrier frequency offset (CFO) and I/Q imbalance. Because existing methods cannot guarantee correct solutions within all range of CFOs, we derive two constraints of phase rotations applied to repetition patterns. By using the preamble based on the presented constraints, CFO is optimally estimated, and I/Q imbalance estimation is possible in all ranges of CFO with low complexity. Numerical results verify the importance and necessity of these constraints for joint estimation.
Introduction
Orthogonal frequency division multiplexing (OFDM) has been extensively studied for high data rate wireless transmission [1] . As OFDM can increase the robustness against frequencyselective fading and fully use available bandwidth, it is widely employed in many wireless communication standards, such as IEEE 802.11a [2] , IEEE 802.16, and 802.20.
Heterodyne receiver has been used in many applications owing to its high channel selectivity in the intermediate frequency (IF) stage. However, it is not sufficient to meet the requests of the market, such as low cost and low power dissipation-based design for reconfigurable communication transceiver. To avoid these problems, new structure based on direct conversion has been highly recommended [3] [4] [5] . A direct conversion receiver (DCR) removes many off-chip components like surface acoustic wave (SAW) filter that is expensive and takes up much more space than other analogue components. It also makes possible to select the desired channel at the baseband, which brings low power consumption owing to the digital baseband signal processing. Unfortunately, however, DCR introduces some RF impairments like I/Q imbalance between in-phase and quadrature branches owing to the absence of a digital IF. In OFDM systems, I/Q imbalance introduces mirror subcarrier interference (MSI) [6] . In addition to these, carrier frequency offset (CFO) is also one of the main sources generating the signal distortion. As, in OFDM systems, the carriers are inherently closely spaced in frequency, the CFO causes intercarrier interference (ICI) although it is a very small fraction of the signal bandwidth [7, 8] . For the reasons, the estimation and compensation of I/Q imbalance and CFO is much important to avoid the performance degradation in direct conversion OFDM systems.
Most of the previous researches are based on the estimation and compensation for individual I/Q imbalance and CFO by using specific preamble [6] [7] [8] . In Refs. [7, 8] , the authors have proposed the CFO estimation methods using the preamble with repeated pattern, which achieve optimal performance. When I/Q imbalance exits, however, the methods are not optimal for CFO estimation. Moreover, the preamble pattern may not provide simple and accurate estimations of I/Q imbalance. In Ref. [6] , the authors have proposed an I/ Q imbalance estimation method and a special preamble pattern to enable accurate and fast estimation. In Ref. [9] , an adaptive filtering-based imbalance estimation method has been proposed. However, they also cannot achieve the best performance owing to the ICI carried by CFO. To estimate I/Q imbalance as well as CFO, several joint estimation schemes have been proposed in Refs. [10 -12] . In Ref. [10] , a low-complexity joint estimation method for the preamble of repeated pattern in IEEE 802.11a has been proposed. In the case of large I/Q imbalance, however, it suffers from serious error propagation problem. Moreover, the I/Q imbalance estimation cannot work in low CFO environment. In Ref. [11] , the authors have proposed a joint CFO and I/Q imbalance. In order to improve the estimation performance and to estimate without respect to the given CFO, they superimposed an artificial CFO on a part of the preamble sequence. In Ref. [12] , nonlinear least squares (NLS)-based CFO estimation and I/Q imbalance compensation method have been presented. They also have proposed a specific preamble structure for CFO and I/Q imbalance compensation. However, they cannot provide generalised preamble pattern for joint estimations. Furthermore, the estimations need high computational complexity.
Therefore we provide preamble design constraints for joint estimation of CFO and I/Q imbalance, and introduce a lowcomplexity I/Q imbalance estimation and compensation method in this paper. Two constraints of phase rotation adjusted to the repetition patterns are presented. CFO estimation is performed by NLS solution, and I/Q imbalance estimation is simply performed by using the relation between two successive preambles based on the derived constraints.
The remainder of this paper is organised as follows. Section 2 introduces direct conversion process of the OFDM signal. Section 3 presents the joint CFO and I/Q imbalance estimation methods and two design constraints of the preamble for reliable estimations. In Section 4, numerical results are presented to demonstrate the performance. Finally, Section 5 concludes this paper.
2 Direct conversion receiver with CFO and I/Q imbalance Quadrature demodulation is generally used to implement direct convertor at the RF transceiver front-end. The RF components in this structure are not matched perfectly in the analogue domain, especially when low-cost fabrication technologies are used. Therefore there exists inevitable gain and phase difference between in-phase and quadrature path modelled as g and f, respectively, as well as non-zero CFO modelled as Df . Fig. 1 shows the architecture of downconvertor implemented by quadrature demodulation with mathematical descriptions.
At the receiver, the received passband signal is represented as
where r(t), x(t) and h(t) are the baseband representations of the received signal, the transmitted signal and the channel impulse response, respectively, and f c is the carrier frequency. {} represents the convolution operation. The received signal is first down-converted and then filtered by the low-pass filter (LPF). We also assume perfect timing in all the receivers. After sampling, the resulting discrete-time representation of the baseband signal can be represented as
where r(n) is the discrete-time representation of r(t) in (2), a ¼ 1 À ge jf =1 þ ge jf is the resulting I/Q imbalance factor, 1 ¼ Df =f s is the normalised frequency offset, which is normalised by subcarrier spacing f s and N is the fast Fourier transform (FFT) size. Finally, n(n) is the addictive white Gaussian noise (AWGN) with zero mean and variance of s 2 , and (Á)
Ã denotes conjugate operation.
In (3), in-phase path is pure, but that is not realistic in general. However, there is no difference compared with the intuitive model in Ref. [13] , which has impairments to both the paths. If there is no I/Q imbalance, that is g ¼ 1 and f ¼ 0, the second term in (3), which is the interference generated by I/Q imbalance, goes to zero.
3 CFO and I/Q estimation using the proposed preamble structure
In the joint estimations, the order of estimation is an important factor in the aspect of overall system performance because the error propagation owing to the inaccurate estimation of the first process is the main factor of the performance degradation. The first estimation process has to be applied independently without regard to the other impairment, and it has to be performed without some exceptions for the all possible estimation ranges of the other impairment. To overcome these problems, we introduce the constraints of the preamble structure for reliable estimations. We first apply the NLS method, proposed in Ref. [12] , for CFO estimation because it is robust to the I/Q imbalance. For the I/Q imbalance estimation, we present a simple least square (LS)-based estimation.
3.1 CFO and I/Q imbalance estimation/compensation 3.1.1 CFO estimation with I/Q imbalance: The preamble structure we propose is depicted in Fig. 2 . Each preamble of length N p contains a sequence generated by multiplying repetition sequence p(n) to a certain rotation code c m ¼ e ju m . Additional guard interval (GI) of length N g is attached in front of each symbol to mitigate the www.ietdl.org multi-path effect of the channel. M symbols are repeated for reliable estimations.
In the burst mode, the nth sample of the mth symbol of the received preamble can be expressed from (3) as
where
is the sampled version of x(t) ¼ p(t) h(t) and n(m, n) is the complex Gaussian noise.
After removing GI, (4) can be represented in the matrix form as
with the CFO phase rotation matrix, and the signal matrix composed of the original and interference signals, which are defined, respectively, as 
and
T is the AWGN matrix of size M Â N p , where
T denotes the transpose operation.
NLS is a proper solution of the CFO estimation although there is a huge amount of I/Q imbalance. It also has a maximum likelihood (ML) solution in cases of white Gaussian noise [14] . From (5), the CFO factor is estimated by using the NLS method as [12] V ¼ arg max
where tr[ Á ] and [ Á ] H denote the trace and hermitian operations, respectively. Using (8), of course, the normalised frequency offset is simply obtained bŷ
Note that, as the CFO estimation is based on the consecutive preamble symbols, the estimation range is j1j ,
The theoretical variance, which is Cramer -Rao lower bound (CRLB), of the normalised frequency offset can be derived by using some formulae in Ref. [14, p. 147] as
is the signal-to-noise power ratio (SNR).
Unfortunately, CFO estimation in (8) cannot reach the true solution when the inverse operation does not exist. This is one of the general problem called the rank-deficient problem. If we use the preamble structure such as the short preamble of IEEE 802.11a, that is c m ¼ 1, for all m, which is used in Ref. [10] , the problem occurred when CFO is near to zero. In other words, the rank of V is 1, if CFO is equal to zero, and there is no phase rotation applied. In Ref. [12] , the authors have suggested a specific preamble pattern, where p=4 rotation is applied to even symbols. However, it should be generalised for flexible design of all kinds of OFDM systems. The constraint for this problem will be shown in the next subsection.
3.1.2 I/Q imbalance estimation using estimated CFO: Using the estimate of CFO, we can estimate imbalance factor a from the relationship between two successive preambles. If the channel is assumed to be static over M preambles time interval, we can separate the desired and interference signals to manipulate two adjacent patterns using a simple mathematical operation. After some manipulations, the observation vectors, the desired signal vector and the interference signal vector, are simply obtained, respectively, as ; [a 1 b 1 , . . . , a N b N ] , andñ m is the resulting noise vector.
Using the relation of (11) and (12), we can obtain the I/Q imbalance factor based on LS criterion written aŝ
Using all preambles, the final I/Q imbalance factor estimator can be obtained asâ
Note that, if b m in (13) is equal to zero, the estimation in (15) cannot be performed. In the very low CFO environment, b m is almost zero if we use the preamble structure presented in Ref. [10] . The resulting unliable I/Q imbalance will make the overall performance worse. The constraint for this problem is shown in the next subsection.
CFO and I/Q imbalance compensation:
CFO and I/Q imbalance compensation process is performed by a simple manipulation. Using the estimated factors from (9) and (15), the CFO and I/Q imbalance free signal is obtained from (3) as [10] 
After the compensation, the impulse response of the channel is estimated, and then its effect is eliminated by the equaliser. Finally, the transmitted data is demodulated in the OFDM demodulator.
Design constraints for the proposed preamble
We introduce the design constraints of the preamble for reliable CFO and I/Q imbalance estimations. First, to overcome the rank-deficient problem as stated in Section 3.1.1, we present a constraint for the preamble structure. In (8) , the determinant of the matrix to be inverted can be represented as
The inequality in (18) is called a Cauchy-Schwartz inequality, and the maximum value of k is equal to M 2 . From (17) and (18), it is obvious that the rank-deficient problem happens when the phase rotations in the preamble deliver maximum value of k. From the equality condition of Cauchy-Schwartz inequality, the generalised constraint for preventing the rankdeficient problem can be summarized as follows.
Constraint 1
for all m and all possible candidates of V, where
The other constraint is obtained from the condition for the existence of the solution (15). To solve (15), the denominator in (11) and (12) 
Constraint 2
for all m and all possible candidates of V, and where k is an integer.
Numerical results
In this section, to verify the validity of the proposed constraints in (19) and (21), we compare the estimation performances for the various preamble patterns based on the proposed constraints. Table 1 shows the examples of the preamble according to the proposed constraints.
Fundamental OFDM parameters we test are the same as 802.11a specifications: N ¼ 64 and B ¼ 20 MHz bandwidth. We use the preamble structure shown in Fig. 2 , where N g ¼ 4, N p ¼ 16 and M ¼ 6. We consider three sample-spaced paths of Rayleigh fading channel with exponential decay profile. We assume that severe I/Q imbalance scenario with the gain mismatch g ¼ 1 dB and the phase mismatch f ¼ 108, that is I/Q imbalance factor, a ¼ À0:1155 À 0:0863i, and uniformly distributed normalised CFO with range À0:5 , 1 , 0:5 [3]. Fig. 3 shows the mean square error (MSE) performance of the normalised CFO, 1, estimation according the the three preambles listed in Table 1 . For the CFO estimation, we apply the NLS method in Section 3.1.1. As preamble 3 does not satisfy constraint 1 for the reliable CFO estimation, it causes severe performance degradation. Preambles 1 and 2, on the other hand, achieve almost the same performance with CRLB given in (10) .   Fig. 4 shows the MSE performance of a for the same preambles. For the simulation, we assume that CFO is perfectly estimated. Performance of preamble 2 is worse than the other preambles because it does not satisfy constraint 2. As preambles 1 and 3 satisfy constraint 2 for the I/Q imbalance estimation, I/Q imbalance is well estimated in that patterns.
Conclusions
In this paper, we have proposed the joint estimation method that can estimate CFO and I/Q imbalances. We have also presented two constraints of phase rotation for preamble design. The first constraint is required for preventing the rank-deficient problem of NLS-based CFO estimation process. The second constraint is needed to avoid some exceptions as I/Q imbalance estimator cannot find reasonable estimate within all ranges of the CFO estimation. According to numerical results, the proposed scheme can estimate CFO and I/Q imbalances correctly without any exceptions even when the system has randomvalued CFOs. Furthermore, the generalised forms of the constraints make flexible designs of the preamble for OFDM systems impaired by both CFO and I/Q imbalances. Figure 3 MSE performance of the normalised CFO, 1, estimation according to the preambles listed in Table 1 Figure 4 MSE performance of I/Q imbalance factor, a, estimation according to the preambles listed in Table 1 IET 
